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HYDRAULIC VALVE ACTUATION
METHODS AND APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 60/395,3770 filed Jul. 11, 2002.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the field of hydraulic
intake and exhaust valve actuation methods and apparatus
for internal combustion engines.

2. Prior Art

At the present time, piston-type internal combustion
engines of interest to the present mnvention are widely used
in automobiles, trucks, buses and various other mobile and
stationary power systems. Such engines include the common
gasoline and diesel engines, as well as similar engines
operating from alternative fuels such as liquid natural gas.
These engines commonly utilize 1intake and exhaust valves
that are spring loaded to the closed position and which are
directly or indirectly opened at appropriate times by a
camshaft mechanically driven from the engine crankshait.

Camshaft actuation of engine valves historically has had
a number of advantages, resulting 1n 1its relatively universal
use in such engines for many decades. These advantages
include high reliability, particularly given the current level
of development of such cam actuated valve systems. Cam
actuation 1s also relatively cost eflective, again given the
state of development and quantities 1n which 1t 1s produced.

However, engine valve systems are facing more and more
challenges of increasing concern. In particular, optimal
valve timing and lift are not fixed throughout the engine
operating range. For instance, optimal valve timing and It
for maximum power at one engine speed will not be the
same as optimal valve timing and lift for maximum power
at another engine speed. Accordingly, the classic cam oper-
ated valve systems utilize a compromised valve timing and
lift, providing compromised performance over a certain
range of engine operating conditions while being less than
optimal for most, if not at all, these conditions. Further,
valve timing and lift for maximum power at any engine
speed may not be optimal from an engine emissions stand-
point. Optimum valve timing and lift at any given engine
speed may need to be dependent on other dynamic engine
parameters, such as one or more ol engine loading, air
temperature, air pressure, engine temperature, etc.

Recently, various hydraulic systems for engine itake and
exhaust valve actuation have been proposed. These systems
ofler the potential of more tlexible control of valve actuation
parameters over the range of the various engine and envi-
ronmental operating parameters, as their control, such as
clectronic control, 1s not subject to the constraints normally
imposed by mechanical valve actuation systems. However,
care should be taken to minimize the power consumption 1n
hydraulic intake and exhaust valve actuation systems to
achieve the potential advantages of such systems while
mimmizing power losses in the valve actuation systems.

The present invention 1s an 1mprovement on hydraulic
systems for engine intake and exhaust valve actuation.

10

15

20

25

30

35

40

45

50

55

60

65

2
BRIEF SUMMARY OF THE INVENTION

Hydraulic engine valve actuation methods for internal
combustion engines having improved energy efliciency are
disclosed herein. In hydraulic engine valve operating sys-
tems using a spring return for valve closure, the spring force
1s a minimum when the valve i1s closed and a maximum at
the maximum lift. The present invention takes advantage of
this difference by using a valve opening hydraulic force
which 1s greater than the spring force when the valve 1s
closed and less than the spring force when the valve 1s open
at 1ts desired lift. The valve actuator 1s controlled 1n such a
way as to allow the valve, when opening, to overshoot the
equilibrium condition wherein the hydraulic force equals the
valve spring force. During the overshoot, the hydraulic
actuator backfills with actuating fluid at 1t normal actuating
pressure, so that the force decelerating the valve 1s the
difference between the hydraulic force and the spring force.
When the valve velocity decays to zero or near zero, the tlow
of hydraulic fluid to (and from) the valve actuator may be cut
ofl, capturing the valve substantially at the overshoot posi-
tion. This allows operation of the hydraulically operated
valve using a lower pressure hydraulic flmd supply, con-
serving hydraulic energy and providing automatic valve
deceleration to zero velocity at 1ts maximum lift. The same
method may be used for various hydraulically operated
engine valve systems, including single stage and two stage
systems.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of an exemplary embodiment of
a single stage hydraulic engine valve operating system that
may be operated 1n accordance with the present.

FIG. 2 1s a block diagram of an exemplary embodiment of
a two stage hydraulic engine valve operating system that
may be operated 1n accordance with the present.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(Ll

In a typical piston-type internal combustion engine having,
intake and exhaust valves, each with an engine valve return
spring, the engine valve return springs are preloaded to
provide the desired engine valve closing forces. These forces
generally include a predetermined mimmum force to hold
the engine valve closed to prevent leakage, particularly after
the compression and the power strokes. Also, 1n cam driven
engine valve systems, the engine valve return springs must
provide adequate forces throughout the engine valve motion
to assure that the engine valve and engine valve drive system
(cam follower, etc.) actually follow the profile defined by the
cam, and do not tloat free of the cam at high engine speeds,
as floating causes loss of power and can damage or destroy
the engine valve or parts of the engine valve drive system.

In hydraulic engine valve drive systems, the engine valve
return spring requirements are similar, as the required spring
force to hold an engine valve closed 1s similar to that of a
comparable cam actuation system, and the spring forces
when the engine valve 1s open must be adequate,to decel-
crate the engine valve as 1t slows on approaching 1ts desired
lift, and to later adequately accelerate the engine valve
toward its closed position at high engine speeds to allow
closure 1n a timely manner. In a typical spring return intake
and exhaust valve, the return spring detlection (preload) 1n
the engine valve closed position 1s on the order of one half
the return spring deflection at maximum engine valve lift
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(maximum engine valve open position), and thus the return
spring force at maximum engine valve lift 1s on the order of
twice the return spring force at the engine valve closed
position. The present invention takes advantage of that
difference 1n return spring force to reduce the hydraulic
energy required to operate a hydraulic engine valve actua-
tion system.

Now referring to FIG. 1, one exemplary embodiment of
the present invention may be seen. As shown therein, an
engine valve 20, which may be an intake valve or an exhaust
valve, 1s spring loaded upward by an engine valve return
spring 22 to an engine valve closed position. A fluid,
typically engine oil, though other fluids may be used if
desired, 1s provided under pressure from a high pressure rail
24, with a 2-way, 2-position supply pilot valve 26 control-
lably providing the high pressure fluid to the hydraulic
cylinder 28 within which the piston 30 operating the engine
valve 20 resides. A return pilot valve 32 1s coupled between
the cylinder 28 and a drain or return 34, typically at a low
pressure, such as atmospheric pressure or a somewhat higher
pressure. When the engine valve 20 1s to be opened, the
return pilot valve 1s closed and the supply pilot valve 26 1s
opened, coupling the high pressure rail to the cylinder 28 to
open the engine valve 20. When the engine valve 20 1s to be
closed, the supply pilot valve 26 is closed and the return pilot
valve 32 1s opened, coupling the cylinder 28 to the return 34
to close the engine valve 20.

In the prior art, the maximum engine valve lift 1s generally
determined by the engine valve opening at which the
hydraulic force (high pressure rail pressure times the area of
the valve actuation piston 30) equals the spring force of
engine valve spring 22. This 1s because the hydraulic fluid
flow may be throttled as the engine valve 20 approaches its
maximum lift, slowing the engine valve until captured with
the valve spring force equaling the hydraulic force opening,
the valve. This dissipates the energy 1n the moving engine
valve and substantially avoids hydraulic oscillation.

With the present invention, the engine valve may be
opened to a position where the spring force of engine valve
spring 22 exceeds the hydraulic force that opened the engine
valve. In particular, the high pressure rail 24 is set to a
pressure lower than that necessary to equilibrate the engine
valve return spring 22 at the desired lift, but higher than that
required to 1nitiate opening of the engine valve 20. On 1nitial
opening, the engine valve 20 1s accelerated toward the full
open position. The supply pilot valve 26 1s kept open to
allow the engine valve 20 to overshoot the lift at which the
rail pressure and the engine valve spring 22 would supply
equal but opposite forces on the engine valve 20. The
overshoot occurs due to the fact that the engine valve 20 has
not been decelerated to a velocity of zero at this lift and
therefore still has momentum that will carry the engine valve
20 to a higher lift. As the engine valve 20 travels to this
higher lift, the volume swept by valve actuating piston 30 1s
backfilled with fluid at the pressure of high pressure rail 24,
so that the decelerating force 1s equal to the difference in the
spring force and the hydraulic force, and not the spring force
alone.

When the velocity of engine valve 20 reaches approxi-
mately zero, the supply pilot valve 26 is closed. The pressure
of the fluid 1n cylinder 28 at this point 1s less than that
required to equilibrate the force of the valve spring 22. As
a result, the engine valve 20 will move slightly toward the
closed direction until the pressure increases enough to
equilibrate the force of the valve spring 22. Still, the engine
valve 20 has opened to a desired lift using a rail pressure less
than what 1s required to equilibrate the valve spring 22 at
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that lift. Because the hydraulic energy used 1s equal to the
product of the volume of fluid used to open the engine valve
20 and the pressure of the fluid used, the ability to use a
lower pressure fluid for the desired engine valve lift results
in more energy ellicient operation of the engine valve 20
than the prior art equilibrium force strategy.

Because when the velocity of engine valve 20 reaches
approximately zero and the supply pilot valve 26 1s closed,
the pressure of the fluid 1n cylinder 28 1s less than that
required to equilibrate the force of the valve spring 22, there
may be a small amount of hydraulic oscillation. However,
any increased wear caused by such oscillation should be
minimal because of the ability to provide a coaxial arrange-
ment of the engine valve 20 and the valve actuating piston
30 (unlike a rocker arm valve actuator), and any noise
created by the oscillation should be held to a minimum by
appropriate design.

The foregoing 1s an illustration of the application of the
present invention to what 1s referred to herein as a single
stage system. The invention 1s also applicable to other
systems, such as two stage systems, an example of which 1s
shown m FIG. 2. As may be seen in this Figure, the
proportional valve, generally indicated by the numeral 25,
may controllably couple the high pressure rail 24 to the
cylinder 28 1n which the valve actuating piston 30 resides,
or may controllably couple the cylinder 28 to the return or
vent 36, dependent upon the position of the proportional
valve.

In the embodiment 1llustrated, the proportional valve 25 1s
a spool valve, wherein the spool position 1itself 1s hydrauli-
cally controlled. Specifically, as shown 1n FIG. 2, the right
end of the spool or spool assembly 1s exposed to the pressure
in the low pressure rail 36. The left end of the spool-or spool
assembly may be exposed to the pressure of the low pressure
rail 36 through supply pilot valve 26 to a fixed volume of
fluid (both pilot valves 26 and 32 being closed), or to return
34 through return pilot valve 32. In that regard, in this
embodiment, the left end of the spool or spool assembly 1n
the proportional valve 25 has a larger area exposed to the
fluud pressure than the right end of the spool or spool
assembly. Therefore the spool assembly will move to the
right when both ends are exposed to the pressure in the low
pressure rail 36, though the spool will move to the left when
the left end 1s vented to the return 34 through return pilot
valve 32. For this purpose, the spool of the proportional
valve may have a piston at one end of a different diameter
than the spool itseltf, or pistons of diflerent sizes may be used
at both ends of the spool to achieve the hydraulic area
differences. In a preferred embodiment, the effective hydrau-
lic area of the left end of the spool 1s approximately twice
that of the right end of the spool.

In operation, closing the return pilot valve 32 and opening,
of the supply pilot valve 26 provides fluid from the low
pressure rail 36 to the proportional valve 25, moving the
spool to the right, which couples cylinder 28 to the vent or
return 36 (which may be the same as or different from the
return 34), allowing the valve spring 22 to hold the valve 20
in the closed position. When the supply pilot valve 26 1s
closed and the return pilot valve 32 1s opened, the pressure
from the low pressure rail 36 moves the spool toward the
lett, first closing the tlow path from cylinder 28 to the return
36 and then opening the tlow path between the high pressure
rail 24 and cylinder 28 to open the engine valve 20.

In a preferred embodiment of such a two-stage system, the
proportional valve 25 may be controllably positioned, as
desired, through appropriate control of the supply pilot valve
26 and return pilot valve 32. The proportional valve itself 1s
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configured to block all flow when the spool 1s centered
therein, plus or minus approximately 10% of 1ts travel. The
flow area from the high pressure rail 24 or to the return 36,
depending upon the direction of motion of the spool from the
central blocked position, increase first at a relatively low rate
with spool position, and then increase more rapidly with
spool position until the maximum flow rates are achieved. In
this way, maximum flow areas may be commanded, as
desired, though low flow rates and no flow rate may be
readily commanded without requiring special precision in
the positioning of the spool of the proportional valve 25.
Check valve 38 damps hydraulic oscillation and provides
some energy recovery whenever the return pilot valve 32 1s
closed quickly before the spool in the proportional valve 25
reaches 1its left-most position by coupling any pressure spike
to the low pressure rail 36.

In the operation of the system of FIG. 2, a sensor 42 such
as a Hall eflect sensor senses valve position to provide
position information to the controller 40, which controls the
clectromagnetically actuated pilot valves 26 and 32. With
the engine valve 20 in the closed position, the spool of the
proportional valve 25 may be moved to the right-most
position to provide maximum coupling between cylinder 28
and return 36, and to provide a known starting point for the
spool of the proportional valve so that incremental errors do
not accumulate, valve event to valve event.

The proportional valve 25 provides the ability to rela-
tively accurately control the flow areas between the high
pressure rail 24 and cylinder 28, and between cylinder 28
and return 36, from zero to maximum flow areas. This
allows supply pilot valve 26 and the return pilot valve 32 to
be controlled by controller 40 to control the time and rate of
initial engine valve opening, the rate of acceleration toward
maximum lift, the deceleration prior to maximum lift, and
the dwell at maximum lift. It also allows supply pilot valve
26 and the return pilot valve 32 to be controlled by controller
40 to control the rate of acceleration toward engine valve 20
closure, the deceleration as the engine valve 20 approaches
closure, and the final closure rate of the engine valve 20. The
sensor 42 provides a feedback to the controller 40, generally
a processor based controller, to make any adjustments in the
current valve event and for the next valve event to correct
any deviation in valve motion from that desired for the
existing engine operating and environmental conditions.

In one mode of operation, the proportional valve 25 1s
controlled so that as the engine valve 20 approaches its
maximum liit position, the proportional valve 25 limits the
flow from the high pressure rail 24 to the cylinder 28 to
decelerate the engine valve 22. The engine valve stops when
the pressure from the high pressure rail 24, as applied to the
valve actuating piston 30, matches the spring force of spring,
22. This positively determines engine valve position and
avoids hydraulic oscillation at the beginning of engine valve
dwell at maximum Iiit.

In the present invention, the proportional valve 23 1s not
used to significantly throttle or limit the flow area between
the high pressure rail 24 and cylinder 28 as the engine valve
20 proceeds toward its open position. Instead, as with the
embodiment of FIG. 1, the full flow from the high pressure
rail 24 to the cylinder 28 may be continued until the engine
valve 20 stops at 1ts maximum lift position. Then when the
engine valve 20 stops, the spool of the proportional valve 25
1s moved to a central position, blocking further flow from the
high pressure rail 24 to (or from) cylinder 28. At this point,
as with the embodiment of FIG. 1, the force from the valve
return spring 22 will exceed the hydraulic force caused by
the pressure of the high pressure rail 24 on valve actuating,
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piston 30, resulting 1in some slight hydraulic oscillation.
However, as previously described, this oscillation can be
made of little consequence. Some throttling can be used in
order to account for diflerences 1n engine valve motion from
valve to valve due to diflerences in engine valve spring
tolerances, manufacturing tolerances, etc. Thus throttling
may be used to some extent to make all the engine valves
open and close the same way, 11 desired.

It should be noted that as the engine valve 20 closely
approaches 1ts maximum lift or 1s just beyond 1ts maximum
l1tt, the engine valve 20 velocity 1s very low.

Consequently, movement of the spool of the proportional
valve 25 to a central position to block further flow from the
high pressure rail 24 to (or from) cylinder 28 when the
engine valve 20 stops need not be exactly when the engine
valve 20 stops, which 1s easily detected by the valve sensor
42.

In theory, when opening, an engine valve could accelerate
toward the open position during the first half of its travel
based on a positive unbalance of the hydraulic valve opening
force versus the valve return spring force, and decelerate to
the maximum lift position during the second half of its travel
due to a negative balance between the hydraulic force and
the valve return spring force. For a system wherein the valve
return spring force at the desired lift 1s twice the valve return
spring force in the engine valve closed position, this would
mean that theoretically, the hydraulic force would need to
equal three-fourths of the engine valve return spring force at
maximum valve lift, rather than the full engine valve return
spring force. This oflers a potential energy savings of 25%.
While hydraulic and other losses will reduce this energy
savings, significant power consumption reduction can still
be achieved using the present invention without additional
mechanical or electronic complexity, as the present inven-
tion 1s more a matter of control than of additional mechani-
cal or electronic apparatus. The present invention may also
be used 1n engines using both a return spring and a hydraulic
return on the engine valves.

The supply pilot valves 26 and the return pilot valves 32
of the embodiments of FIGS. 1 and 2 may be solenoid
operated spool valves. It should be understood, however,
that the present invention 1s not dependent upon the specific
design of the supply pilot valves and return pilot valves, or
in the embodiment of FIG. 2, upon the specific design of the
proportional valve 25, as other valves and other valve types
may be used. By way of example, the two-way two-position
valves used for the supply pilot valves 26 and return pilot
valves 32 may, alternatively, be a single, three-position,
three-way spool valve. Similarly, the supply pilot valves and
return pilot valves may be poppet valves or still some other
form of valve. The proportional valve 25 may use a spring
on one end of the spool, rather than or in addition to the
hydraulic return driven by the pressure of the low pressure
rail 36, the spring acting 1n a direction to encourage the spool
ol the proportional valve to the position venting the cylinder
28 as a fail safe feature of the invention. As a further
alternative, other types of valves may be used 1n place of the
spool type proportional valve 25 of FIG. 2 without departing,
from the mnvention. Thus, the disclosure of the specific
embodiments of FIGS. 1 and 2 has been for purposes of
illustration and not for purposes of limitation, as the present
invention 1s not limited to use with pilot valves and/or
proportional valves and/or valves of other types of any
specific configuration. The valves useable with the present
invention also need not have any specific mode of operation,
as non-latching as well as magnetically latching valves may
be used as desired. Thus, while certain embodiments of the
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present invention have been disclosed and described herein,
it will be apparent to those skilled in the art that various
changes 1n form and detail may be made therein without
departing ifrom the spirit and scope of the invention.

What 1s claimed 1s:

1. A method of opening an engine valve having a hydrau-
lic actuator to open the engine valve and a return spring for
closing the engine valve comprising:

coupling the hydraulic actuator to a source of fluid under

pressure to accelerate the engine valve toward the
engine valve open position;
continuing to couple the hydraulic actuator to the source
of fluid under pressure as the engine valve closing force
of the return spring starts to exceed the engine valve
opening force of the hydraulic actuator; and,

decoupling the hydraulic actuator from the source of fluid
under pressure as the engine valve stops at an engine
valve opening wherein the engine valve closing force
of the return spring exceeds the engine valve opening
force of the hydraulic actuator.

2. The method of claim 1 wherein the hydraulic actuator
1s coupled to the source of flmd under pressure through a
pilot valve.

3. The method of claim 2 wherein the pilot valve 1s a spool
valve.

4. The method of claim 1 wherein the hydraulic actuator
1s coupled to the source of flmd under pressure through a
proportional valve, the proportional valve being hydrauli-
cally controlled by electrically controlled valving.

5. The method of claim 4 wherein the proportional valve
1s a spool valve.

6. The method of claim 1 wherein the hydraulic actuator
and the return spring are coaxial with the engine valve.

7. The method of claim 1 wherein the hydraulic actuator
1s coupled to the source of flmd under pressure through a
valve hydraulically controlled by electrically controlled
valving.

8. A method of opening an engine valve having a hydrau-
lic actuator to open the engine valve and a return spring for
closing the engine valve comprising:

coupling the hydraulic actuator to a source of fluid under

pressure to accelerate the engine valve toward the
engine valve open position;
continuing to couple the hydraulic actuator to the source
of fluid under pressure as the engine valve closing force
of the return spring starts to exceed the engine valve
opening force of the hydraulic actuator; and,

blocking flow to and from the hydraulic actuator as the
engine valve stops at an engine valve opening wherein
the engine valve closing force of the return spring
exceeds the engine valve opening force of the hydraulic
actuator.

9. The method of claim 8 wherein the hydraulic actuator
1s coupled to the source of flmd under pressure through a
pilot valve.
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10. The method of claim 9 wherein the pilot valve 1s a
spool valve.

11. The method of claim 8 wherein the hydraulic actuator
1s coupled to the source of flmd under pressure through a
proportional valve, the proportional valve being hydrauli-
cally controlled by electrically controlled valving.

12. The method of claam 11 wherein the proportional
valve 1s a spool valve.

13. The method of claim 8 wherein the hydraulic actuator
and the return spring are coaxial with the engine valve.

14. The method of claim 8 wherein the hydraulic actuator
1s coupled to the source of flmd under pressure through a
valve hydraulically controlled by electrically controlled
valving.

15. Engine valve apparatus comprising:

an engine valve;

an engine valve return spring disposed to urge the engine

valve to a closed position;

a source of fluid under pressure;

a hydraulic actuator disposed to urge the engine valve to

an open position;

valving for controllably coupling the source of fluid under

pressure to the hydraulic actuator, for blocking fluid
flow to and from the hydraulic actuator and for allow-
ing tluid flow from the hydraulic actuator to a vent; and,

a controller controlling the valving to couple the source of

fluid under pressure to the hydraulic actuator until the
engine valve stops at an engine valve opening at which
the return force urging the engine valve toward the
closed position exceeds the hydraulic force urging the
engine valve toward the open position, then blocking
fluid flow to and from the hydraulic actuator, and to
allow fluid flow from the hydraulic actuator to the vent
when the engine valve 1s to be closed.

16. The apparatus of claim 15 wherein the valving couples
the hydraulic actuator to the source of fluid under pressure
through an electrically controllable pilot valve.

17. The apparatus of claim 16 wherein the pilot valve 1s
a spool valve.

18. The apparatus of claim 15 wherein the valving com-
prises a hydraulically controlled proportional valve and
clectrically controllable wvalving, the hydraulic actuator
being coupled to the source of fluid under pressure through
the proportional valve, the proportional valve being hydrau-
lically controlled by the electrically controlled valving.

19. The apparatus of claim 18 wherein the proportional
valve 1s a spool valve.

20. The apparatus of claim 15 wherein the hydraulic
actuator and the return spring are coaxial with the engine
valve.

21. The apparatus of claim 15, wheremn the valving
comprises a valve hydraulically controlled by electrically
controlled valving.
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